A method for the determination of ascorbic acid in vitamin C tablets based on a very simple paptode design on TLC strips is described. This procedure is based on the reduction of iron(III) with ascorbic acid and the formation of a colorful red complex with immobilized 2,2¢-dipyridyl (dipy) on TLC strips. The linear range of the system was 20 -200 ppm with a detection limit of 1 ppm and a relative standard deviation of 1.5% (n = 28). The parameters, such as pH, concentration of iron(III), concentration of dipy and the volume of dipy per 1 cm 2 of TLC strips, were optimized. The proposed sensor was successfully applied for the determination of ascorbic acid in vitamin C tablets.
Introduction
Ascorbic acid (AA) is a water-soluble vitamin and is a hydrophilic compound with an antioxidative effect, which plays important roles in the human organism, such as conjunctive tissue formation, ion transportation and cell protection against free radicals. A deficiency of AA in the body causes scurvy with symptoms such as gingivitis, susceptibility of blood vessels to damage and bleeding. 1 Due to the great importance of AA in human beings, the quantitative analysis of AA has gained increased significance in several areas of analytical chemistry, such as in pharmaceutical, clinical and food applications.
Several techniques, such as spectrometry, 2 chemiluminescence, 3 HPLC, 4 enzymatic, 5 flow injection 6, 7 and amperometric 8 were applied for the detection of AA. Some methods were also reported for ascorbic acid determination based on its reduction properties. In 1998, Barrales et al. 9 reported a solid-phase spectrophotometry (SPS) technique in the visible region; this spectrophotometric determination of AA was based on the reducing effect of iron(III) ion, followed by the formation of the iron(II)-ferrozine chelate. Arya et al. 10 applied a spectrophotometric method for the determination of vitamin C based on the reduction of iron(III) to iron(II) and the complexation of iron(II) with 4-(2-pyridylazo)resorcinol, followed by its extraction into n-butanol. Yebra et al. 11 proposed a continuous-flow procedure for the indirect determination of ascorbic acid based on its reducing properties. In this method chromium(VI) in acid media was injected into an ascorbic acid stream, and the Cr(VI) was reduced to Cr(III). Gan et al. 12 reported a new method for the determination of ascorbic acid based on a peroxidase-oxidase (PO) biochemical oscillator reaction. Later Shankaran et al. 13 reported on the simultaneous determination of AA and dopamine at a sol-gel composite electrode. Themelis et al. 14 developed a spectrophotometric flow-injection method for the determination of AA based on it's reduction effect on Fe(III) and the complexation of Fe(II) with 2,2-dipyridyl-2-pyridylhydrazone (DPPH) in an acidic medium. Kleszczewski et al. 15 developed a method for the determination of AA based on the oxidation of an analyte with iron(III) and 2,2¢-dipyridyl in flow-injection analysis. Güçlü et al. applied a method for AA determination based on the oxidation of ascorbic acid to dehydroascorbic acid with a Cu(II)-2,9-dimethyl-1,10-phenanthroline (neocuproine (Nc)), and measured at 450 nm. 16 The RGB color model is based on the Young-Helmholtz theory (in 1802) of trichromatic color vision, and on Maxwell's color triangle, which elaborated that theory. The colors in the "RGB color model" can be described by indicating how much of each of red, green, and blue is included. Each can vary between the minimum (fully dark) and maximum (full intensity). If all of the colors are at minimum, the result is black. If all of the colors are at maximum, the result is white. The color values may be written as numbers in the range of 0 to 255. This is commonly found in computer representations, where programmers have found it convenient to store each color value in one 8-bit byte. 17 Recently, Goodey et al. described a chip-based microsphere arrays platform that had a potential to mimic many of the features exhibited by the human sense of taste. 18, 19 In this electronic tongue, the output signal was obtained from a charge couple device (CCD) instead of the electrical signal output.
As a continuation of our previous work, in which the reliability of the paptode for the speciation of metal ions and the construction of a pH sensor was examined, 20 the capability of this method for the determination of ascorbic acid in pharmaceuticals is described here.
In paptode methods, not only can one save experimental data, but we also can save images of results (e.g. the colorful complex) in a computer (for reviewing and applying more powerful software on it in the future). In addition, the porosity of support-based materials in paptode sensors causes shorter response times in these sensors compared with the typical response times in optodes. Other advantages, such being as portable and no need for the determination of lmax in paptode, are considerable.
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In this proposed sensor, iron(III) was directly reduced to iron(II) by ascorbic acid, which reacted with 2,2¢-dipyridyl that was previously immobilized on a TLC substrate to form a colorful red complex. Then, the strips were dried at room temperature and an image of each strip was recorded using a scanner. The color values of the spots were analyzed with a special software written in Visual Basic 6 (VB 6) media.
Experimental

Reagents and chemicals
All of the chemicals used were of analytical reagent grade. Triply distilled water was used to prepare the buffer, reagent and stock solutions. A 1.0 ¥ 10 3 ppm stock solution of ascorbic acid was prepared by dissolving the required amount of H2Asc (Fluka) in distilled water. This solution was kept in a dark cold place and working solutions were prepared freshly from it every day.
An iron(III) stock solution of 1.0 ¥ 10 4 ppm was prepared freshly by dissolving 2.410 g of FeCl3·6H2O (Merck) in distilled water, and then diluted to 50 mL.
A dipy solution of 2.0 ¥ 10 3 ppm was prepared by dissolving 1.00 g of 2,2¢-dipyridyl (Merck) in ethanol and was then diluted to 50 mL by distilled water. This solution was kept in a dark, cold place.
Glycin and NaCl solutions were prepared by dissolving 22.521 g of glycin (Merck) and 17.55 g of NaCl in 1000 mL of distilled water, respectively. Then 0.3 M HCl was prepared by diluting concentrated HCl. The above solutions mixed to make the buffer solution.
Apparatus
A Genius HR6X Slim scanner was used for scanning the TLC strip. The resolution of the scanner was regulated at 200 dpi. We wrote software in VB 6 media to convert the recorded pictures of color bands (or spots) to RGB data. An Eppendorf micropipette was used for injecting samples on the TLC strip. The pH values of buffer solutions were measured by a metrohm (780) pH meter.
Procedure
A known volume of the dipy solution with a known concentration was injected on TLC strips, and dried at room temperature. Since the TLC strips need to be dried out rapidly, to prevent any dispersion of the injected samples, a volatile solvent (such as ethanol in this study) is recommended. A sample that contains AA was added to a solution containing known amount of iron(III). Then 10 mL of this solution was injected on TLC strips on which dipy had been immobilized. After the formation of a red colorful complex and drying the plates, pictures of the strips were recorded by using a scanner. In the software, the color of any spots was analyzed to red, green and blue values (RGB system). The values of the RGB colors varied between 0 and 255 relative to the AA concentration. In the paptode, contrary to spectrophotometry, the reflection of color spots is studied; therefore one of the R, G and B values of color spots that have the same color as the spot is usually useless, because this value is often higher than 200, and does not significantly change during the experiment. In this study, because of red colorful spots of the Fe(II)-dipy complex, the R values did not change significantly (and was almost greater than 240), so the intensities of the blue and green values were chosen (Fig. 1) .
Method for analyzing color values
For analyzing the colors of any spots in the paptode, the strips were scanned by a hand scanner, and images of the strips were transferred to the computer. Any color changes in each TLC strip were analyzed using a program written in VB 6 media, and the color values were chosen for constructing calibration curves.
Results and Discussion
As explained before, the method is based on the reduction of iron(III) with AA to iron(II) and reaction between produced iron(II) and immobilized dipy to form a colorful red complex.
AA + Fe 3+ ae AE Fe 2+ (in solution bulk) dipy + Fe 2+ ae AE Red complex (on TLC strip)
The effective absorbance for any color values of any spots was calculated as follows:
Where Ar, Ag and Ab are the effective absorbance for red, green and blue, respectively. Rs, Gs, Bs and Rb, Gb and Bb are the red green and blue color values of a sample and a blank, respectively. To obtain a calibration curve, the effective absorbance of any color values were plotted vs. logarithm of the concentration.
Effect of the 2,2¢-dipyridyl concentration
In order to study the effect of the dipy concentration, solutions with various dipy concentrations (1.0 ¥ 10 3 -6.0 ¥ 10 3 ppm) were prepared and injected on TLC strips. The strips were dried at room temperature. Then 10 mL solution of samples containing 2.0 ¥ 10 3 ppm iron(III) and 80 ppm ascorbic acid were injected on the TLC strips. After scanning the strips, their colors were analyzed by the software, and any differences in the color values (green and blue) between sample spots and blanks were plotted vs. the concentration of dipy (Fig. 2) .
As illustrated in Fig. 2 , the color intensity of the Fe(II) complex increased with increasing the dipy concentration, but remained almost constant at concentrations more than 2.0 ¥ 10 3 . In order to economize in the use of dipy; this concentration was selected as the optimum dipy concentration for the rest of the experiments. In all experiments "reagent blank" was used as a reference.
Effect of the iron(III) concentration
In this study various concentrations of iron(III) in the range of 4.0 ¥ 10 2 and 5.0 ¥ 10 3 ppm were prepared. The concentrations of dipy and AA were 2.0 ¥ 10 3 and 2.0 ¥ 10 2 ppm, respectively. The obtained results (plot of differences in color values of sample and blank vs. iron(III) concentrations) are depicted in Fig. 3 .
As shown in Fig. 3 , the responses for both blue and green colors are high from 4.0 ¥ 10 2 to 1.0 ¥ 10 3 ppm of iron(III) concentrations, and higher concentrations of iron(III) decrease the differences in the color values. However, since the concentration of iron(III) must be excess in solution, a concentration of 1.0 ¥ 10 3 ppm was selected as the optimum concentration.
Effect of the pH
In order to study the effect of the pH, buffer solutions (a mixture of glycin, NaCl and HCl) were prepared with different pH values (from 1.1 to 4.5). Solutions containing 1.0 ¥ 10 2 ppm AA, 2.0 ¥ 10 3 ppm dipy and 1.0 ¥ 10 3 ppm iron(III) were prepared in these buffers. As illustrated in Fig. 4 at pH values of 2.5 and 1.5, the maximum differences between the blank and the sample solutions could be obtained. Since at pH 1.5, AA is protonated, and its reducing power is decreased, pH 2.5 was selected as the optimum pH value.
Effect of the 2,2¢-dipyridyl volume
The effect of the dipy volume per 1 cm 2 of TLC strips was studied as follows: various volumes of a dipy with a concentration of 2.0 ¥ 10 3 ppm (optimum) were injected on a 4-cm 2 area of TLC strips. After drying the strips, 10 mL of samples containing 1.0 ¥ 10 2 ppm AA and 1.0 ¥ 10 3 ppm iron(III) (pH 2.5) were injected on them. Then, the differences between the color values of the sample and the blank vs. the dipy volume were plotted (Fig. 5) .
The results showed that the differences between color values of the sample and the blank at 0.2 mL dipy per 4 cm 2 of TLC strip were maximum. Therefore, 0.2 mL of dipy per 4 cm 2 of TLC strip (or 0.05 mL per 1 cm 2 ) was selected as the optimum volume of dipy. 
Interference study
To study the selectivity of the developed method for the determination of AA, the effect of the presence of several species that usually coexist with AA in real samples (vitamin C tablet in this study) was investigated. Solutions containing 1.0 ¥ 10 2 ppm of AA and 1.0 ¥ 10 4 ppm of interfering species were prepared and injected on TLC strips under the optimum conditions. Table 1 shows the errors in the green and blue values for each interfering species.
As illustrated in Table 1 , no significant interference exists in blue values, and sucrose is the only species to interfere more than 3% in green values.
Determination of ascorbic acid in vitamin C tablets
The developed method was applied for the determination of AA in vitamin C tablets. The differences between the calculated and real concentrations are presented in Table 2. As Table 2 shows, the proposed sensor was successfully applicable for the determination of AA in real samples, and the green values are in close agreement with the actual values.
Response time
Since the diffusion in a porous material is higher than in a polymeric membrane, it could be expected that the response time in paptodes is shorter than that of typical optodes (even in more diluted solutions). In this work, it took a few seconds to achieve 95% of the response and less than 4 min to complete one experimental test. Since we can do many experiments in one TLC strip, the net (average) time for every experiment is very short.
Drying methods and stability
After injection of the reagent on TLC, the strips need to be dried. Methods such as drying at room temperature, in an oven, and even under a breeze of hot air were examined, and the signals of different drying methods were in accord with each other. However, for decreasing the total analysis time of the sensor, all strips were dried under a gentle breeze of hot air.
To study the stability of the color spots, a solution of AA with a concentration of 1.6 ¥ 10 2 ppm was injected on the strips. After the 10, 12, 20, 30, 120 and 180 min, the strips were scanned. As illustrated in Fig. 6 , the proposed sensor was stable for at least 3 h after injection of the samples.
Conclusions
The application of paptodes as an inexpensive alternative for optodes in the determination of ascorbic acid was investigated, and reliable results were obtained in it determination in vitamin C tablets. Applying a simple scanner made it possible to monitor the changes in the color of the immobilized ionophore, even on a non-transparent substrate. The porosity of supportbased materials in paptode sensors caused shorter response times in these sensors compared with the typical response times in optodes. Some of the analytical features of developed paptode were compared with other methods based on the reduction of iron(III) ( Table 3 ). As this table shows, our simple and inexpensive method is comparable with other complicated and expensive methods. 
